The effects of strain rates on the deformation behaviors of a twinning-induced plasticity (TWIP) steel (Fe23Mn0.6 C) have been investigated using uniaxial continuous tensile tests at different strain rates and strain-rate jump tests, coupled with digital image correlation (DIC) method. A positive instantaneous strain rate sensitivity (ISRS), a negative strain rate sensitivity of work hardening (SRSW) and a negative overall strain rate sensitivity (SRS) have been revealed in the present TWIP steel. The critical strain for appearance of PortevinLeChátelier (PLC) bands increases while the height of serrated flow behaviors decreases with increasing strain rate, which indicates that the dynamic strain aging (DSA) effect is suppressed at higher strain rates. The strain concentration in PLC bands is found to be more severe at higher strain rates. Moreover, the appearance/ disappearance of PLC band in strain-rate jump tests is found to be highly dependent on the deformation and microstructure evolution histories. Thus, the negative SRSW can be attributed to the higher strain concentration in the PLC bands and the restriction of DSA at higher strain rates, which are related to the suppression of deformation twins at higher strain rates.
Introduction
Twinning-induced plasticity (TWIP) steels have been one of most promising materials due to their superior mechanical properties with high strength, high ductility and high work hardening capacity [1] [2] [3] [4] [5] [6] [7] [8] [9] . The strong strain hardening rate for the coarse-grained (CG) TWIP steels have been attributed to the so called "dynamic Hall-Petch (DHP) effect", i.e., the reduction of the dislocation mean free path by deformation twins (DTs), which generally start to form in favorablyoriented grains after a few percent plastic deformation by slip [5] [6] [7] [8] . Driven by the need of impact-tolerant structures in the automotive industry and military defense, the deformation behaviors of TWIP steels have been extensively investigated at awide range of strain rates and temperatures [10] [11] [12] [13] [14] .
The strength at the yielding point for TWIP steels has been observed to generally increase with increasing strain rate, showing a strong positive strain rate sensitivity (SRS) for yielding strength [15, 16] . Moreover, the sudden increase/decrease in the strain rate by the strain-rate jump tests also leads to a sudden increase/decrease in the flow stress, resulting in a positive instantaneous strain rate sensitivity (ISRS) for TWIP steels [16] [17] [18] [19] [20] [21] . These phenomena have revealed the thermally-activated nature of dislocation nucleation and propagation in TWIP steels, thus the SRS at a given microstructure and a given temperature, such as positive SRS at yielding, should be attributed to the increased resistance of the mobile dislocations with increasing strain rate [22] .
However, the experiments conducted at different strain rates and the steady flow stress in the strain-rate jump tests have shown a negative overall SRS for TWIP steels [17] [18] [19] [20] [21] 23] . On one hand, dynamic strain aging (DSA) has been proposed in the literature [3, 12, 15, 16] to be responsible for such negative overall SRS. In the presence of DSA, the strain localization such as Portevin-LeChátelier (PLC) band and the serrated flow behavior appear in TWIP steels [3, 16] . PLC band and it effect on the mechanical properties of TWIP steels have attracted great interests for the past decade, and were investigated using infrared cameras [16, [23] [24] [25] [26] , laser extensometers [27, 28] and digital image correlation (DIC) [29] [30] [31] [32] [33] [34] . The PLC bands in TWIP steels can be classified into three types (Types A, B and C) based on their dynamic appearance characters [33] [34] [35] [36] . Type A bands usually propagate continuously across the whole tensile specimen, and the formation of type B bands is generally discontinuous but regularly, while type C bands usually appear randomly (discontinuously and in a non-correlated way).
On the other hand, the negative overall SRS has also been found in the plastic deformation of TWIP steels without DSA [18] [19] [20] [21] 37] . Thus, other mechanisms and deformation physics, instead of DSA, therefore should be responsible for the negative overall SRS in the DSA-free TWIP steels. According to the Klepaczko's work [38] , the overall SRS can be divided into two parts, i.e., the ISRS that is a microstructure and temperature independent parameter and the strain rate sensitivity of work hardening (SRSW) that is highly dependent on the microstructure evolution. The negative SRSW in TWIP steels has been proposed to be attributed to the suppression of dislocations and DTs, which is caused by the adiabatic heating associated with the high strain rate deformation [39, 40] . Nevertheless, previous research have shown that the effects of strain rate on the deformation behaviors and the mechanical properties of TWIP steels are totally different from other conventional fcc metal and alloys [13, 15, 41] . The fundamental understandings on the negative overall SRS and the characteristics of PLC band are still required further study. For example, is there any correlation between the negative SRSW and the magnitude of strain concentration in the PLC band? How the deformation history or microstructure evolution history affects the appearance of PLC band in the strain-rate jump tests? In this regard, a series of uniaxial continuous tensile tests at various strain rates and strain-rate jump tests, coupled with in-situ strain mapping on sample surfaces using DIC, have been conducted in the present study to investigate these issues in a TWIP steel (Fe23Mn0.6C).
Materials and experimental procedures
The TWIP steel used in the present study has a chemical composition of 0.6 C, 23 Mn, 0.035 Nb, 0.035Ti, and the balance of Fe (all in wt %). Under the protection of Ar atmosphere, the TWIP steel was first melted in an induction furnace and then cast to ingots with a thickness of 170 mm. The ingots were heat-treated at 1150°C for 2 h, and then hot-forged into slabs with a thickness of 20 mm between 1150°C and 900°C. The slabs were annealed at 700°C for 1 h and immediately quenched in water to obtain an austenite CG microstructure with an average grain size of about 15 µm (Fig. 1) . A few annealing twins are also found in the annealed CG structure, as marked by arrows in Fig. 1 . The microstructures before and after tensile tests were revealed by Electron backscattered diffraction (EBSD). The samples for EBSD were grinded to 2000 grit first by sandpapers, and were then polished with a 0.05 µm SiO 2 aqueous solution, followed by electro-polishing with a solution of 10% HCLO 4 and 90% alcohol at 22 V and −20°C. The phase information and texture evolution before and after tensile tests were obtained on polished surfaces by X-ray diffraction (XRD) measurements using a Philips Xpert X-ray diffractometer with Cu Kα radiation. Dog-bone plate samples with a thickness of about 1 mm were used for the quasi-static uniaxial tensile tests. conducted for each strain rate to check the repeatability. Strain-rate jump tests with both upward and downward strain rate changes were also conducted at room temperature (two strain-rate jump experiments were also provided to check the repeatability). The flow behaviors in strain-rate jump tests can be characterized by an instantaneous response followed by a steady-state behavior. The ISRS and the SRS for steady state were then evaluated using a short back-extrapolation method [3] . During the continuous tensile tests and the strain-rate jump tests, the contours of strain rate and strain were measured by DIC, and the data was analyzed by the commercial software ARAMIS ® . Initial high-contrast stochastic patterns of spots, in which a fine layer of black paint spots (with size of about 10 µm) was sprayed on a background with a thin layer of white adhesive paint, were constructed on the polished sample surfaces. The measured first image represents the undeformed state, and the subsequent images for the evolution of the spotted patterns were recorded using a 1.2 MPx digital CCD camera at a rate of 1 frame per second. A facet size of 110 µm was used for the strain calculation using DIC method.
Results and discussions
First, uniaxial continuous tensile tests at different strain rates were conducted, and the engineering stress-strain curves are shown in Fig. 2a . The corresponding true stress-strain curves are displayed in Fig. 2b . In the inset of Fig. 2b , we show the good repeatability for the tensile experiments by displaying two experiments conducted at strain rate of 3.8×10 −4 /s. It is shown that the flow stress at small strain range (< 15%) increases with increasing nominal strain rate, while the flow stress at large strain range (> 20%) decreases with increasing nominal strain rate. The flow stress differences for different strain rates increases with increasing applied true strain at large strain range (> 20%), and this indicates that the work hardening capability is higher at lower strain rate. The yielding strength (σ 0.2 ), the ultimate strength and the uniform elongation are plotted as a function of the nominal strain rate in Fig. 2c . As indicated, the yielding strength increases while both the ultimate strength and the uniform elongation decrease with increasing nominal strain rate. The SRS in the continuous tensile tests can be defined as the following equation at a given temperature and a given strain:
Thus, the SRS for yielding strength and the SRS for the flow stress at a true strain of 45% are calculated and are plotted as a function of the nominal strain rate in Fig. 2d . As shown, this TWIP steel shows a positive SRS for the yielding strength while a negative SRS for the flow stress at large strain. At the yield point, the temperature and the microstructure should be the same for the experiments conducted at various strain rates. Thus, this positive SRS at yielding point should be attributed to the thermally-activated nature of dislocation nucleation and propagation in this TWIP steel, i.e., the resistance of the mobile dislocations increases with increasing strain rate [17] [18] [19] [20] [21] . While the SRS for the flow stress at large strain should be highly dependent on the microstructure evolution and the characteristics of PLC band, and the detailed analysis will be provided in the following sections.
Serrated flow behaviors are observed for all experiments conducted at various strain rates, as shown in Fig. 2b . These serrated flow behaviors can be attributed to the DSA effect [3, 35, 42] . The serration behaviors generally start at a critical applied strain with a fine and short shape, which indicates that DSA usually does not occur immediately after the start of straining. This is proposed to be due to the fact that sufficient vacancies must be created first during tension to facilitate the solute diffusion to dislocations for DSA [43] . The height and the interval of the serration behaviors increase with increasing applied strain for each experiment. Each serration on the flow curves should correspond to the nucleation and the propagation of one PLC band, which will be discussed in details later. Interestingly, the critical strain for the onset of serrated behaviors/PLC bands is observed to increase with increasing strain rate (Fig. 3a) , and the height of the serration behaviors is lower at higher strain rate (Fig. 3b ). These observations indicate that DSA effect is suppressed in this TWIP steel with increasing strain rate, and the corresponding mechanism and the microstructure evolution effect on the DSA will also be discussed in details later. Based on DIC data, distribution of strain rate along the tensile direction (x) as a function of time for the experiment conducted at strain rate of 3.8×10 −4 /s is illustrated in Fig. 4a . The corresponding load curve as a function of time is also plotted in Fig. 4b to correlate the nucleation and the propagation of PLC bands with the serrated flow behaviors. In Fig. 4a , the red and yellow colors, representing the peak strain rates which are one order higher than the nominal applied strain rate, are associated with the localized deformations, i.e., PLC bands. Before 120 s, the strain rate for the whole gage section is almost uniform (with homogeneous blue or light blue color), which indicates no PLC effect and no serration flow behaviors before 120 s. After 120 s, the first band nucleates from the middle of the gage section, while the following bands all nucleate from the bottom end of the gage section. The PLC bands are observed to always propagate continuously in the same direction to the top end, thus this kind of PLC bands can be identified as Type-A according to the previous research [35, 36] . The nucleation of each PLC band is corresponding to a load drop in Fig. 4b , while the load gradually increases during the propagation process of each PLC band. Once the PLC band dies away from the top end of the gage section, the load can suddenly rise before the nucleation of next PLC band. Based on the evolution of the strain rate contour (Fig. 4a) , the apparent propagation velocity of the PLC band at current time can be defined as:
where δ is the propagation distance of the PLC band at the time interval of Δt.
The evolutions of band velocities with applied strain are shown in Fig. 5a for experiments conducted at various strain rates. It is observed that the band velocities decrease with increasing applied strain, and the final fracture occurs when the propagation of the PLC band is suppressed and the band velocities approach zero. During the propagation of each PLC band, the strain rate within the PLC band is one order higher than that outside the band, thus the nominal strain increment of the whole specimen should be concentrated in the PLC band, and the strain increment outside the band should be negligible during the propagation process. Once the propagation of the PLC band is suppressed to almost zero velocity, the strain concentration will occur at a fixed location, resulting in necking and final fracture. It is shown that a higher band velocity is observed for a higher nominal strain rate because the crosshead velocity is higher at higher nominal strain rate. The normalized band velocity by the crosshead velocity, however, is shown to be lower for higher nominal strain rate (Fig. 5b) . The strain within the PLC band can be estimated as [3] :
where υ C is the crosshead velocity. Thus, the evolutions of strain within the PLC band with applied strain are shown in Fig. 5c for experiments conducted at various strain rates. It is observed that the strain concentration within PLC band is more severe when the nominal strain rate is higher. This higher strain concentration in the deformation band generally indicates a lower strain hardening capability for metals and alloys [44] . For example, the strain is more easily to concentrate and the plastic instability such as necking is more prone to occur in the nanostructured metals due to their low strain hardening ability when compared to the CG counterpart [44] . Thus, the negative of SRSW can be attributed to the higher strain concentration in the PLC bands at higher strain rates, and this higher strain concentration can be related to the microstructure evolution in the TWIP steel under tension and this effect will be discussed next.
The restriction of DSA effect and the more severe strain concentration in the PLC bands at higher strain rates should be highly dependent on the microstructure evolutions under uniaxial tensile deformation at various strain rates. The microstructures measured by EBSD for the experiments conducted at different strain rates (2.5×10 As shown, the texture of Brass {110} < 112 > (related to DTs [14] ,) decreases with increasing strain rates, which is consistent with the EBSD maps. It is shown that the density of DTs decreases with increasing strain rate, which is consistent with previous work [14, 15] . It is proposed that the twinning propensity at different strain rates should be highly related to the characteristics of PLC bands and the DSA effect. It should be noted that the strain rate within PLC band is one order higher than the applied strain rate, thus an adiabatic temperature rise of about 100°C for the experiment with highest strain rate should exist [1, 16] , thus the DTs may be suppressed due to this adiabatic heating at higher strain rates. The previous investigations have also shown that DSA effect has a significant effect on the twinning propensity of FeMnC steels [15] . The possible mechanisms are provided as following. As we know, when the leading partial dislocation passes a perfect fcc lattice structure, a local hcp structure is formed in the stacking faults (SFs). Due to this local crystal structure change, the position of C atoms may transfer from octahedral to tetrahedral sites. While the C atoms should readily jump back to the octahedral sites since the tetrahedral sites are not stable. These "jump back" C atoms may lock the motion of the trailing partial dislocations [15] . Thus, DSA can be attributed to the reorientation of Cvacancy complexes in the stress field of extended dislocations, and the DSA effect can only occur when the reposition time of C atoms is less than the waiting time for locking [15] . The distance between the leading partial dislocations and the trailing partial dislocations, i.e. the width of SFs between them should increase when the trailing partial dislocations are locked by C atoms. Thus, the nucleation and the propagation of DTs can be facilitated by the increase of the SF width due to the DSA effect. Fig. 3 already shows that the DSA effect is suppressed with increasing strain rates, which can restrict the formation and the propagation of DTs at higher strain rates (Fig. 6) . This is because the waiting time for locking is reduced at higher strain rates, which restricts the DSA effect. As a summary, the suppression of DTs at higher strain rates can be attributed to the adiabatic heating in the more severely concentrated PLC bands and the restriction of DSA effect by the reduced time for locking with increasing strain rate. Strain rate jump tests were also conducted at room temperature. Both upward and downward jump tests at strain rate range from 3.8×10 −4 to 1.3×10 −2 /s were conducted to obtain the SRS as a function of applied strain. Fig. 7a shows the true stress vs. true strain curve for the strain rate jump tests. In Fig. 7a , one inset shows how to calculate the instantaneous stress and the steady-state stress based on a short back-extrapolation method [3] , while the other inset shows the good repeatability for strain rate jump tests by displaying two curves conducted at the same loading conditions. As observed, the sudden increase/decrease in the strain rate leads to a sudden increase/decrease in the true stress, and then the true stress gradually decreases/increases to a steady-state level lower/higher than the true flow stress prior to the strain rate change, due to the negative nature of SRSW. The ISRS, the steady-state strain rate sensitivity (SSSRS) and the SRSW for strain rate jump tests can be calculated using the following equations [12, 45] : 
where σ i is the instantaneous true stress, σ 1 and σ 2 are the extrapolated steady-state true stress levels before and after the strain rate jump, ε 1 and ε 2 are the strain rates before and after the strain rate jump. Then, the ISRS, SSSRS and SRSW as a function of applied true strain are plotted in Fig. 7b . It is well know that the ISRS provides the information on the response to a strain rate change for fixed microstructure and temperature. It is clearly shown that the ISRS has a positive value, and this is also due to the thermally-activated nature of dislocation nucleation and propagation [17] [18] [19] [20] [21] . However, the SSSRS and SRSW are found to have negative values, this indicates that the microstructure evolution after strain rate change has strong influence on the flow behaviors. Moreover, these negative values of SSSRS and SRSW are also associated with the appearance and the disappearance of PLC bands.
As shown in Fig. 3a , the critical strain for onset of PLC bands increases with increasing applied strain rates. For example, the appearance of PLC bands starts at about 2% of applied true strain for strain rate of 3.8×10 −4 /s, at about 5% of applied true strain for strain rate of 2.5×10 −3 /s and at about 21% of applied true strain for strain rate of 1.3×10 −2 /s. Fig. 8a /s at the applied true strain of about 15%, the PLC bands do not occur right away while persist for a strain duration of about 2% before complete appearance. These observations clearly indicate that there is a lag effect for the appearance/disappearance of PLC bands during the strain rate jump tests, and the appearance/disappearance of PLC bands is highly dependent on the deformation and microstructure evolution histories before the strain rate jump. Fig. 8b ing strain contours at various strains are also provided. As we know from Fig. 3a , PLC bands should occur at all strain rates at the true strain range of 25-37% for continuous uniaxial tensile experiments. As shown in Fig. 8b , the PLC bands are always observed during the upward/ downward jump tests for the true strain range of 25-37%, this is consistent with the fact that the deformation and microstructure evolution histories before the true strain of 25% should provide continuous appearance of PLC bands at any strain rates. These observations in strain rate jump tests further indicate that the negative SRSW is related to the microstructure evolution at various strain rates, such as the propensity of DTs.
Conclusions
In the present study, the correlation between SRS and characteristics of PLC bands, and the microstructure evolution effect on the flow behaviors have been investigated for a TWIP steel using uniaxial tensile test coupled with DIC method. The following conclusions can be drawn:
(1) The TWIP steel exhibits a negative overall SRS and a negative SRSW. The critical strain for onset of PLC bands is observed to increase with increasing strain rate and the height of the serration behaviors is found to be lower at higher strain rate. These observations indicate that DSA effect is suppressed with increasing strain rate. It is also shown that the strain concentration within PLC band is more severe at higher strain rate. The restriction of DSA effect and the higher strain concentration in the deformation band at higher strain rate result in a lower strain hardening capability and negative values for overall SRS and SRSW.
(2) The formation of DTs is observed to be suppressed at higher strain rate, which can be attributed to the adiabatic heating in the more severely concentrated PLC bands and the restriction of DSA effect by the reduced time for locking at higher strain rate.
(3) The appearance/disappearance of PLC band in strain-rate jump tests is observed to be highly dependent on the deformation and microstructure evolution histories, which further indicates that the overall SRS and SRSW are microstructure dependent parameters for this TWIP steel. The present finding should provide insights for better understanding the deformation physics of the TWIP steel.
